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The yrast lines in Kr isotopes with N = 42, 44, and 46 are investigated in a beyond mean field framework
with both prolate-oblate coexistence and quasiparticle alignment taken into account. Quasiparticle orbitals with
high- j and low-Ω on the oblate side are shown to be responsible for the sharp backbending observed in 82Kr, by
driving the yrast shape from prolate to oblate. This suggests that quasiparticle alignment may not be neglected
in the investigation of the shape evolution along the yrast line.
The Kr isotopic chain from the neutron-deficient to the
neutron-rich side shows a rich collection of structure phe-
nomena and has attracted experimental and theoretical inter-
ests over the years. Nuclear shape in the ground and low-
lying states is one of the topics discussed intensively in this
aspect. For example, coexisting 0+ states with different de-
formations [1–3] and rapid shape transitions with increasing
neutron numbers [4] and so on has been observed and under-
stood in terms of various mean-field [5, 6] and beyond-mean-
field [7–11] theories. In these theoretical studies it is noted
that beyond-mean-field effects like symmetry restoration or
mixing of different shapes can be important in understanding
the remarkable phenomena observed [9].
Besides that along the isotopic chain, the shape evolution
along the yrast line is another interesting aspect in the struc-
ture studies. In this case it demands a proper understanding
for the high-spin region, in which the pair breaking due to the
Coriolis effect, i.e., the quasiparticle alignment, may play an
essential role. For example, lifetime measurements in 74Kr
have found pronounced reduction of prolate deformation af-
ter the S -band crossing [12], which is described by the total
Routhian surface (TRS) calculation.
The TRS calculation [13] which provides energy surfaces
at specified rotational frequencies, is a powerful tool in re-
vealing the shape evolution along the yrast line. However,
as a mean field description the rotational symmetry remains
broken, and the configuration mixing is not allowed in the
TRS calculation. On the other hand, the projected shell model
(PSM) [14, 15] is another powerful framework for the high-
spin spectra, with the rotational symmetry restored and the
configuration mixing taken into account. The PSM has been
applied to high-spin studies of various deformedmass regions,
including the Kr isotopes [16–20]. One of the greatest success
of the PSM is the description of the backbending phenomenon
induced by the quasiparticle alignment.
The backbending described by the PSM involves the break-
ing of pairs formed by quasiparticle orbitals with high- j and
low-Ω that are sensitive to the Coriolis effect. These aligned
orbitals are defined at the deformation that is adopted for the
ground state. This identity of deformations of the vacuum
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and the multi-quasiparticle configurations results from the as-
sumption of a fixed deformation parameter in the PSM, which
is good for the well deformed nuclei, but not necessary for
the transitional nuclei such as the Kr isotopes. Moreover, the
fixed deformation assumed in the PSM leaves little room for
the shape coexistence in the ground state, as well as the shape
evolution with increasing spin.
As a generalization of the PSM, various deformations are
taken into account in the framework proposed in Refs. [21,
22], in which HFB vacua of different deformations, as well as
two-quasiparticle configurations based on each of them, are
involved in the configuration space. Such a framework can be
expected to provide a proper description to the transitional nu-
clei, in which the shape coexistence or shape evolution might
exhibit.
In particular, with the allowance of various shapes a new
manner of backbending might be anticipated. This kind of
backbending involves the breaking of oblate pairs when the
ground state is basically prolate. While the energy of the
oblate vacuum increases quickly with spin, the correspond-
ing aligned two-quasiparticle configuration can dive into the
yrast region due to the strong Coriolis effect. Therefore, the
backbending in this case takes place simultaneously with a
prolate-to-oblate shape transition. Similar to the typical back-
bending described in traditional PSM calculations, the back-
bending here involves also high- j and low-Ω orbitals, which
locate near the top of a high- j sub-shell in the oblate case.
Therefore, this kind of backbending might happen when the
Fermi level come close to the top of a high- j sub-shell. This
is in contrast to the typical backbending in the well deformed
case, in which a Fermi level near the bottom of a high- j sub-
shell is expected. The existence of such backbending phe-
nomenon originates from the opposite orders of members in a
high- j shell with prolate and oblate deformations. Note that
the same character of Nilsson levels also leads to the existence
of oblate high-K isomers related to the pih11/2 shell as reported
very recently [23].
In this paper the yrast lines of Kr isotopes with N = 42,
44, and 46 are studied within the framework proposed in
Refs. [21, 22], in order to show the effect of oblate pair break-
ing on the yrast behavior.
The model framework adopted in this work has been pre-
sented in Ref. [21] and only a brief outline is given here.
The Hamiltonian used in the model is of the pairing plus
2quadrupole type [14]
Hˆ = Hˆ0 −
χ
2
∑
µ
Qˆ+µ Qˆµ −GM Pˆ
+Pˆ −GQ
∑
µ
Pˆ+µ Pˆµ, (1)
which is diagonalized in a model space consists of a series of
axially symmetric HFB vacua:
|Φ(β)〉, (2)
as well as two-quasiparticle states built on them:
α+i (β)α
+
j (β)|Φ(β)〉. (3)
The HFB vacua are determined by the variation
δ〈Φ(β)|Hˆ − λnNˆ − λpZˆ − λqQˆ0|Φ(β)〉 = 0, (4)
with the constraint on particle numbers and quadrupole mo-
ments, while the quasiparticle operators αi(β) are defined as
αi(β)|Φ(β)〉 = 0. (5)
Both of the vacua (2) and the two-quasiparticle configurations
(3) are projected onto good angular momentum and particle
numbers, so the ansatz for the wave function reads
|ΨIσ〉 =
∑
ρ
f IσρPˆ
I
MK Pˆ
N PˆZ |Φρ〉, (6)
with the index ρ running over the deformation β as well as
the vacua and two-quasiparticle configurations {i, j} consid-
ered. The coefficients f Iρ are determined by solving the Hill-
Wheeler equation
∑
ρ′
[H I(ρ, ρ′) − EIσN
I (ρ, ρ′)] f Iσρ′ = 0, (7)
with the norm and energy overlaps defined as
N I(ρ, ρ′) ≡ 〈Φρ|Pˆ
I
KK′ Pˆ
N PˆZ |Φρ′〉,
H I(ρ, ρ′) ≡ 〈Φρ|HˆPˆ
I
KK′ Pˆ
N PˆZ |Φρ′〉.
(8)
Note that the projected basis
{PˆIMK Pˆ
N PˆZ |Φρ〉} (9)
is not orthogonal normalized [14] so the coefficients f Iσρ can
not be understood as the probability amplitude for the intrin-
sic configuration |Φρ〉. The probability amplitudes are defined
as [26]
gIσ(ρ) =
∑
ρ′
Π1/2(ρ, ρ′) f Iσρ′ (10)
with Π1/2(ρ, ρ′) obtained by the diagonalization of the norm
matrix (8):
∑
ρ′
N Iρρ′u
I
κρ′ = n
I
κu
I
κρ, (11)
Π1/2(ρ, ρ′) =
∑
κ
uIκρ
√
nIκu
I∗
κρ′ . (12)
Therefore, |gIσ(ρ)|
2 are understood as the weight of the config-
uration |Φρ〉 in the wave function (6) and satisfy the normal-
ization condition as ∑
ρ
|gIσ(ρ)|
2 = 1. (13)
In our calculations the neutron and proton major shells with
N = 2, 3, and 4 are considered as the single-particle model
space. The spherical single-particle energies for the single-
particle part Hˆ0 in (1) are determined by the Nilsson scheme
at β = 0, with a modification for the Nilsson parameters κ and
µ taken fromRef. [24]. The κ and µ for the neutron shell N = 4
are multiplied by a factor 1.12 and those for the same proton
shell are multiplied by 1.3. These modifications are done in
order to obtain reasonable energy curves as noted in Ref. [21].
The strengths χ of the quadrupole-quadrupole interactions are
90% of those in the earlier PSM calculation for 78Kr [19] and
are kept constant for all of the isotopes studied. The monopole
pairing strengths GM also come from the earlier PSM cal-
culations [16, 19], and the quadrupole pairing strength are
GQ = 0.16GM. The energy cutoff for the intrinsic configu-
rations |Φρ〉 are the same as that in Ref. [21]. The effective
charges in the B(E2) calculations are epi = 1.35e for proton
and eν = 0.35e for neutron, adjusted to get an overall agree-
ment with the observed transition strength B(E2, 2+
1
→ 0+
1
).
As a preparation for the following discussions, an overall
impression of the mean field aspects of the Kr isotopes stud-
ied are given in Fig. 1. Fig. 1(a) shows the projected energy
curves at I = 0. Two minima with prolate and oblate defor-
mations can be found for all of the three isotopes. The pro-
late minimum in 78Kr locates at β ∼ 0.33, in coincidence with
the deformation parameter adopted in the earlier PSM calcula-
tion [19]. The oblate minimum lies about 1.5 MeV above the
prolate one, suggesting the prolate dominance in the ground
and low-spin states. The deformation of the prolate (absolute)
minimum tends to decrease with the neutron number, in ac-
cordance with the increasing excitation energy observed for
the 2+
1
states [25]. It suggests that the neutron Fermi level lo-
cates in the upper half of the νg9/2 sub-shell, moving towards
its top as the neutron number increases. In this case, the ac-
tive g9/2 orbitals around the Fermi level are the high (low)-Ω
ones for the prolate (oblate) side, as can be inferred from the
Nilsson diagram for neutron shown in Fig. 1(b). Note that the
location of the Fermi level and the prolate deformed ground
state fulfill the requirements for a favored oblate quasiparticle
alignment, as discussed above. Moreover, Fig. 1(a) show that
the energy difference between the two minima gets lower as
the neutron number increases, suggesting a growing impor-
tance of the oblate configurations.
The obtained yrast spectra are compared with the experi-
mental ones [25] in Fig. 2 in terms of the so-called “back-
bending plot”, which gives the moment of inertia (MoI)
J =
2I − 1
E(I) − E(I − 2)
(14)
as a function of the rotational frequency
~ω =
E(I) − E(I − 2)
2
. (15)
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FIG. 1: (a) Projected energy curves at I = 0 for 78−82Kr. The energies
are normalized to β = 0 in each curve. (b) Deformed neutron single-
particle levels, calculated for 82Kr as an example. The solid (dashed)
lines denote positive (negative) parity states. The Fermi level at the
prolate/oblate minimum locates in the area circled by the dotted rect-
angles.
Such a plot is sensitive to the irregularities in the yrast band
and is widely used in the studies of band crossing phenom-
ena. The agreement between the experimental data and the
calculated results is good. The problem with the MoI at I = 2
found in the earlier PSM calculation [19] is now solved with
the consideration of the oblate part. As the neutron number
increases, the irregularities in the yrast bands take place ear-
lier and become stronger, showing an enhanced tendency of
pair breaking. This is in contrast to the shell filling pattern on
the prolate side discussed above, as the high-Ω νg9/2 orbitals
around the Fermi level are less sensitive to the Coriolis effect.
Therefore, the irregular behavior in the yrast bands shown in
Fig. 2 indicates the possible existence of oblate pair breaking.
As another important observable, the calculated strength of
the E2 transitions along the yrast line are presented in Fig. 3,
in comparison with the experimental data [25]. An overall
agreement between the theoretical and the experimental re-
sults is achieved. For the low-spin part the decreasing trend
of the B(E2) versus the neutron number is qualitatively re-
produced, in line with the reduced tendency of deformation
shown in Fig. 1(a). In 78Kr a dip of the B(E2) is found at
around I = 10, where the irregularity in MoI emerges (see
Fig. 2), as a reflection of some structures change taking place.
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FIG. 2: The calculated moment of inertia as functions of the rota-
tional frequency for the yrast bands in 78−82Kr, in comparisons with
the experimental data taken from Ref. [25].
Such kind of dips get more pronounced in 80Kr and 82Kr,
in accordance with the enhanced MoI irregularity, indicating
abrupt structure change in these isotopes. In particular, the dip
found in 82Kr is so pronounced that the B(E2) at I = 8 is of
only the order of 1 W.u.. Such a remarkable dip, together with
the dramatic backbending shown in Fig. 2, suggests little in-
teraction between the two crossing configurations, which are
likely to have, therefore, very different structures.
The above discussions on the yrast spectra and E2 transi-
tions hint the appearance of oblate pair breaking and the con-
sequent crossing between prolate and oblate configurations.
The actual existence of these mechanisms can be illustrated in
Fig. 4, in which the weight |gIσ(ρ)|
2 of various types of config-
urations are presented as functions of spin. The total weight
of the prolate deformed vacua are given in panel Fig. 4(a) for
the three isotopes. For all of them the weight of the prolate
vacua are close to 1 at low spins, in accordance with the pro-
late dominance shown in the energy curves (see Fig. 1(a)).
The largest value is found in 78Kr, who has the largest energy
difference between the prolate and oblate minima. The weight
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FIG. 3: The calculated B(E2) along the yrast lines in 78−82Kr, com-
pared with the experimental data taken from Ref. [25].
of the prolate vacua decrease with spin, as a result of the band
crossing. Note that the slope of the decreasing reaches max-
imum at the spin range where the irregularity in MoI takes
place, due to the relatively rapid configuration change in the
crossing region. The contributions from the prolate vacua be-
come negligible after the band crossing.
The weight of the prolate two-quasiparticle configurations
are given in Fig. 4(b). They are small at the beginning and
increase smoothly before the band crossing. In this stage
the prolate dominance remains in the yrast states and the in-
creased weight here are contributed by the alignment of the
prolate quasiparticles. As discussed above, this kind of align-
ment is moderate and does not lead to dramatic backbending
in the MoI. In the band crossing region the behavior of the
three isotopes become very different. For 78Kr the weight of
the prolate two-quasiparticle configurations keeps increasing
until the maximum value close to 1. This suggests that the ir-
regularity (upbending) in the MoI of 78Kr can be related to the
crossing of two prolate configurations (the vacuum and the
two-quasiparticle configuration from νg9/2 orbitals), in con-
sistent with the band crossing pattern provided in traditional
PSM calculations. The weight of the prolate two-quasiparticle
configurations for 80Kr stop increasing at the point of band
crossing and keeps smaller than that for 78Kr afterwards. This
behavior is inconsistent with the stronger MoI irregularity ob-
served in 80Kr, indicating ingredients other than the prolate
quasiparticle alignment may play a role in this case. Finally
for 82Kr, the weight of the prolate two-quasiparticle config-
urations experience dramatic decrease in the crossing region.
Having little contribution from the prolate part, the yrast states
right after the crossing point must be basically oblate. The
sharp backbending observed in 82Kr is therefore induced by
the crossing between the prolate and oblate configurations,
which is likely to be abrupt due to the small overlap between
the two. Furthermore, it seems that in 82Kr the prolate two-
quasiparticle configurations become dominant again at I = 14,
being consistent with the second drop of the theoretical B(E2)
shown in Fig. 3. However, this is the result obtained without
the consideration of four-quasiparticle configurations, which
may play a role at such a high spin. Therefore, the interpreta-
tion of the I = 14 member of the yrast band remains open and
more experimental information is needed.
As the counterpart of panel Fig. 4(b), the weight of the
oblate two-quasiparticle configurations are shown in Fig. 4(d).
The large bump at the crossing region shown for 82Kr confirms
the oblate nature of the yrast states in the range I = 8-12,
supporting the prolate-to-oblate transition proposed above. A
smaller bump is found for 80Kr in the same spin range, show-
ing the oblate contribution, coexisting with the prolate part,
that is responsible for the upbending behavior. For 78Kr the
oblate two-quasiparticle configurations makes no contribu-
tion, in consistent with the traditional band crossing pattern
suggested.
In contrast to the oblate two-quasiparticle configurations,
the oblate vacua make little contribution to the yrast bands
in the whole spin range investigated, as shown in Fig. 4(c).
The weight around 0.2 at I = 0 drops quickly with spin and
becomes almost vanish before the crossing region. This is in
accordance with the well known fact that the rotated oblate
minima is unfavored compared with the prolate ones, as can
be seen in Fig. 8(a) of Ref. [9], for instance.
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particle orbitals that are relevant to the crossing configurations
need to be specified, as in the discussions on the traditional
backbending phenomena. For this purpose one refers to the
so-called “band diagram”, which is widely used in the PSM
analysis [14]. A “band” in such a diagram is formed by pro-
jecting a specific intrinsic configuration (with the deformation
fixed in the PSM) onto various spins, and the configuration
corresponding to the lowest band is recognized as the dom-
inant one for the yrast state. However, with the variation of
deformation opened up in our framework, the concept of the
band diagram has to be generalized. For example, the two-
quasiparticle configuration νg9/2(5/2, 7/2) (here 5/2 and 7/2
are the quantum numbers of the projection of the single par-
ticle angular momentum onto the three-axis of the intrinsic
frame) can be built on a series of prolate vacua, with deforma-
tions β = 0.20, 0.25, 0.30, etc. Each of them can be projected,
forming a subspace at each given spin in which the Hamil-
tonian can be diagonalized. The lowest energy obtained in
such a diagonalization corresponds to the optimal combina-
tion of the above deformations, under the given configuration
νg9/2(5/2, 7/2), and is thus defined as the “band energy” in
the present case.
The band diagrams described above are presented in Fig. 5
for 78−82Kr, with those relevant configurations close to the
Fermi surfaces taken into account. The variation of the
band crossing pattern from 78Kr to 82Kr can be found in
this plot. For 78Kr the prolate g-band (projected from vac-
uum) is crossed by the prolate two-quasiparticle configuration
pig9/2(3/2, 5/2), which is the pig9/2 configuration lying clos-
est to the Fermi level. The lowest νg9/2 band on the prolate
side, i.e., νg9/2(5/2, 7/2), also cross the prolate g-band but at a
higher energy. On the other hand, the lowest oblate band with
the configuration νg9/2(5/2, 7/2) appears at a relatively high
energy, away from the yrast region in the spin range investi-
gated. This is in accordance with the PSM-like band crossing
pattern obtained in the discussions of Fig. 4. For 80Kr the con-
figuration of the lowest oblate band becomes νg9/2(3/2, 5/2).
Unlike the oblate band in 78Kr, it crosses the prolate g-band
at around I = 8, almost simultaneously with the prolate S -
band pig9/2(3/2, 5/2). This is again in agreement with the
conclusion drawn from Fig. 4 that the upbending in 80Kr is
induced by both prolate and oblate two-quasiparticle config-
urations. For 82Kr, the oblate band with the configuration
νg9/2(1/2, 3/2) crosses the prolate g-band at around I = 6 and
becomes the lowest one afterwards, in accordance with the
oblate-dominated band crossing suggested in Fig. 4. In gen-
eral, a growing importance of the oblate quasiparticle align-
ments in the band crossing region can be found from 78Kr to
82Kr, in both the band diagrams and the weight calculations.
Such a growing importance of the oblate quasiparticle
alignments can be understood from two aspects: (1) the po-
sition of the Fermi level; (2) the energy difference between
the prolate and oblate minima. As the neutron number in-
creases, the neutron Fermi level moves toward the top of the
νg9/2 sub-shell. With oblate deformations the quantum num-
ber Ω of the orbitals around the Fermi level become smaller
in this process, as can be seen from the variation of the oblate
configurations adopted in the band diagrams for the three iso-
topes. Therefore, the response to the Coriolis effect of the
oblate configurations gets enhanced and their band energies at
higher spins are thus suppressed. Moreover, the energy dif-
ference between the two minima decrease from 78Kr to 82Kr,
as shown in Fig. 1(a). This makes the oblate configurations
energetically more favored as the neutron number increases
and thus more likely to play a role in the yrast region. Both
aspects contribute to the variation of the band crossing pattern
shown in the band diagrams.
In summary, the yrast lines in Kr isotopes with N = 42,
44, and 46 are investigated in this work. The model space
consists of axially deformed HFB vacua of both prolate and
oblate shapes, as well as explicit two-quasiparticle configu-
rations based on them. Such a model space accounts simul-
taneously for the shape mixture ranging from the prolate to
oblate and the pair breaking induced by Coriolis interaction.
The sharp backbending observed in 82Kr is interpreted by the
crossing between the prolate dominated vacuum and an oblate
two-quasiparticle state, involving high- j and low-Ω orbitals
and is thus sensitive to the Coriolis effect. The oblate quasi-
particle alignment is also found to play a role in the upbend-
ing observed in 80Kr, while in 78Kr its effect is negligible.
The variation of the importance of the oblate two-quasiparticle
6derstood in terms of the location of the neutron Fermi levels
as well as the energy difference between the prolate and oblate
minima. The band crossing pattern revealed here shows that a
prolate-to-oblate shape transition can be induced by the quasi-
particle alignment, accompanied by the backbending, and it is
thus suggested that two-quasiparticle configurations might be
necessary in the investigations on the shape evolution along
the yrast line.
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